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ABSTRACT 
During the  course of the cont inuing  i n v e s t i g a t i o n  i n t o  many 
a s p e c t s  of c a v i t a t i o n  damage c h a r a c t e r i s t i c s  and c a v i t a t i n g  flow regimes 
i n  t h i s  l abora to ry  over t he  pas t  s e v e r a l  yea r s ,  s e v e r a l  miscel laneous 
t o p i c s  have been inves t iga t ed  i n  a cu r so ry  manner, and were not  docu- 
mented i n  a s u i t a b l e  fash ion ,  s i n c e  they  d id  not  f i t  w e l l  i n t o  one of 
t h e  previous r e p o r t s .  This r epor t  a t tempts  t o  document these  va r ious  
t o p i c s ,  p reserve  them f o r  t h e  record ,  and draw any p e r t i n e n t  conclusions 
from them. 
photomicrographs of materials t h a t  have been damaged i n  the  c a v i t a t i o n  
damage programs; the  r e s u l t s  of an i n v e s t i g a t i o n  i n t o  t h e  handl ing pro- 
cedures  f o r  t he  samples; t he  r e s u l t s  of an i n v e s t i g a t i o n  i n t o  t h e  p re -  
sumed co r ros ion  and/or e ros ion  cond i t ions  i n  the  systems, where the  
samples w e r e  exposed t o  the  same tes t  condi t ions  as the  c a v i t a t e d  spec i -  
mens but  without  c a v i t a t i o n  p resen t ;  some pre l iminary  a t tempts  a t  e l e c -  
t r o n  microscope recordings and photographs of the  c a v i t a t e d  s u r f a c e s ;  
and f i n a l l y  the  r e s u l t s  of some computer ana lyses  of t he  v e n t u r i  cavita- 
t i o n  damage d a t a ,  which show the relevancy of a simple s ingle-proper ty  
c o r r e l a t i o n ,  p rev ious ly  derived from the  v i b r a t o r y  t e s t  d a t a  of t h i s  
l abora to ry ,  t o  t he  mercury v e n t u r i  d a t a .  
Included are var ious  prev ious ly  unpublished c r o s s - s e c t i o n a l  
iii 
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CHAPTER I 
INTRODUCTION 
This  labora tory  has conducted many i n v e s t i g a t i o n s  i n t o  t h e  dam- 
age and flow regimes of c a v i t a t i n g  systems over t h e  p a s t  few yea r s .  
1 , 2 , 3 , 4 , e t c .  
During t h i s  t i m e  many complete r e p o r t s  have been i ssued  
covering completed segments and p o r t i o n s  of s e v e r a l  phases of t hese  
i n v e s t i g a t i o n s .  However, there  have been many pre l iminary  a t tempts  t o  
t r y  t o  understand and f i n d  out  more about t h e  damage and flow cha rac t e r -  
ist ics,  t h a t  have been l e f t  i n  va r ious  s t a g e s  of incompleteness,  due t o  
e i t h e r  l ack  of funding, l a c k  of proper ly  t r a i n e d  personnel ,  l a c k  of 
t i m e ,  o r  t o  t h e  f a c t  t h a t  it was no t  economically f e a s i b l e  t o  complete 
t h e  a n a l y s i s  a t  t h e  present  t ime. Since many of these  analyses  were 
done by s tuden t s  a t  t h e  Univers i ty ,  and s i n c e  many of these  s tuden t s  
have s i n c e  depar ted ,  i t  becomes necessary  t o  document, whether complete 
o r  n o t ,  t hese  ana lyses ,  s o  t h a t  t hey  could be cont inued and f i n i s h e d  a t  
a la te r  da t e  i f  i t  i s  deemed des i r ab le .  
There have been many metal lographic  examinations made of t h e  
v a r i o u s  materials t e s t e d  during t h e  i n v e s t i g a t i o n  and f o r  t h e  sake of 
completeness these  have covered complete series of c a v i t a t i o n  tests on 
s e l e c t e d  m a t e r i a l s .  The copper-zinc-nickel  m a t e r i a l  set  t h a t  w a s  t e s t e d  
1 
2 
3 , 4 , 5  
i n  several hea t  t r e a t s  has been examined i n  d e t a i l  w i t h  c ros s -  
I .  
s e c t i o n a l  photographs and the  r e s u l t s  are repor ted  he re in .  
s e v e r a l  miscellaneous p i t t i n g  formations were observed on P l e x i g l a s  
samples t h a t  had been c a v i t a t e d  i n  t h e  water f a c i l i t y ,  and t h e s e  are 
a l s o  inc luded .  
I n  a d d i t i o n  
Throughout t h e  i n v e s t i g a t i o n  i t  has  been r e a l i z e d  t h a t  t he  t o t a l  
damage i n  a r e l a t i v e l y  low i n t e n s i t y  c a v i t a t i o n  f i e l d  such as i s  pro- 
vided by the  c a v i t a t i n g  v e n t u r i s  which were used cannot be e n t i r e l y  
a sc r ibed  t o  mechanical damage s ince  some degree of co r ros ion  and/or  
e r o s i o n  i s  undoubtedly a l s o  active on the  t es t  specimens. Although 
materials have been s e l e c t e d  f o r  t h e  c a v i t a t i o n  tes ts  t h a t  were as chem- 
i c a l l y  compatible wi th  t h e  t es t  f l u i d s  as p o s s i b l e ,  i t  w a s  deemed d e s i r -  
a b l e  t o  examine t h e  e f f e c t  o f  co r ros ion  and e ros ion ,  and a l s o  t h e  neces- 
s a r y  phys ica l  handl ing of  t h e  specimens, i n  the  absence of c a v i t a t i o n .  
Therefore ,  a set  of specimens of one of t h e  materials most l i k e l y  t o  be 
a f f e c t e d  by these  phenomena, namely t h e  copper-zinc-nickel  ser ies ,  w a s  
s e l e c t e d  t o  be put  through the  i d e n t i c a l  s e r i e s  of s t e p s  as the normal 
t es t  specimens, w i th  the  except ion t h a t  no c a v i t a t i o n  w a s  p re sen t  on the  
specimens during the  procedure.  Thus, i t  w a s  hoped t o  d e l i n e a t e  between 
t h e  combined cavi ta t ion-eros ion-cor ros ion-handl ing  damage and t h a t  
i ncu r red  i n  t h e  absence of c a v i t a t i o n .  I n  s imi l a r  f a sh ion  i t  was 
decided t o  conduct a continuous 100 hour t es t  of  a set  of  specimens t o  
i n v e s t i g a t e  any poss ib l e  d i f f e rences  between t h i s  procedure,  and t h a t  
u s u a l l y  followed of removing the specimens approximately 10 t i m e s  f o r  
examination during t h e  100 hour t es t s .  
t i o n s  are repor ted  h e r e i n .  
The r e s u l t s  of t hese  inves t iga -  
3 
A very  pre l iminary  attempt has been made t o  ob ta in  
t i o n  on the  very  d e t a i l e d  s i z e  and shape of t he  ind iv idua l  
more informa- 
c a v i t a t i o n  
c r a t e r s  on t e s t  specimen sur faces  using e l e c t r o n  photomicroscopic proce- 
dures .  The r e s u l t s  of t h i s  ana lys i s  and recommended f u t u r e  considera-  
t i o n s  i n  t h i s  regard a r e  included he re in .  
F i n a l l y ,  i n  cont inua t ion  of pas t  a t tempts  t o  o b t a i n  a c o r r e l a -  
t i o n  between the  c a v i t a t i o n  damage sus t a ined  by the  specimens and the  
mechanical p r o p e r t i e s  of t hese  m a t e r i a l s ,  
not prev ious ly  considered,  i . e . ,  namely the  u l t imate  r e s i l i e n c e ,  has 
been analyzed wi th  the  computer r eg res s ion  ana lys i s  
p a s t  t o  show the  degree o r  lack of c o r r e l a t i o n  between these  above v a r i -  
a b l e s  f o r  t he  v e n t u r i  damage data  from the  water  and mercury f a c i l i t i e s .  
A s i m i l a r  success fu l  c o r r e l a t i o n  has a l r eady  been repor ted  f o r  v i b r a t o r y  
c a v i t a t i o n  damage t e s t s .  
394 a proper ty  of t h e  m a t e r i a l s  
5 
used i n  the  3 , 4 9 5  
5 
CHAPTER I1 
DESCRIPTION OF FACILITY 
The two closed-loop f a c i l i t i e s  used f o r  t h e  c u r r e n t  i nves t iga -  
t i o n s  have been descr ibed  i n  many p a s t  r e p o r t s ,  and a complete 
d e s c r i p t i o n  i s  a v a i l a b l e  i n  the open l i t e r a t u r e .  Therefore ,  t he  f o l -  
lowing d e s c r i p t i o n  w i l l  be very  b r i e f .  
1 , 2  ,etc . 
6 
The two c a v i t a t i n g  v e n t u r i ,  closed-loop tunne l s ,  us ing  water  and 
mercury as test  f l u i d ,  are shown i n  Figures  1 and 2 ,  r e s p e c t i v e l y .  The 
v e n t u r i s  used f o r  t es t  specimen i n s e r t i o n  a r e  shown i n  F igures  3 and 4 ,  
r e s p e c t i v e l y ,  and t h e  a c t u a l  t e s t  specimen des ign  i s  shown i n  Figure 5 .  
It i s  poss ib l e  t o  o b t a i n  v e l o c i t i e s  between 65 and 200 f t . / s e c .  and tem- 
p e r a t u r e s  from about 50°F t o  150°F f o r  s e v e r a l  degrees  of c a v i t a t i o n  i n  
w a t e r ,  and v e l o c i t i e s  between 25 and 50 f t . / s e c .  and temperatures  . 
between about 50°F and 500°F f o r  s e v e r a l  degrees of c a v i t a t i o n  i n  m e r -  
cury.  
appendix.  
The "degrees of cav i t a t ion"  as used h e r e i n  are def ined  i n  the  
4 
CHAPTER 111 
EXPERIMENTAL PROGRAMS 
The r e s u l t s  of t h e  va r ious  r e l a t i v e l y  un re l a t ed  but  prev ious ly  
unreported sub- inves t iga t ions  l i s t e d  i n  t h e  In t roduc t ion  a r e  presented  
i n  t h i s  s e c t i o n .  
A .  Photomicron-aphic Cross Sec t ions  of Materials 
From Ventur i  Damage T e s t s  
A f t e r  t h e  c a v i t a t i o n  damage i n v e s t i g a t i o n s  had been completed on 
m o s t  materials t o  t h e  d e s i r e d  du ra t ion ,  and a f t e r  a l l  nondes t ruc t ive  
d a t a  had been taken from them, it w a s  decided t o  s e c t i o n  t h e  materials 
i n  a d i r e c t i o n  perpendicular  t o  both the  pol i shed  s u r f a c e ,  F igure  5,  and 
t o  the  d i r e c t i o n  of f l u i d  f l o w  on the  su r face  dur ing  t h e  t e s t s .  This  
w a s  done i n  o rde r  t o  o b t a i n  more d e t a i l e d  information on t h e  depth and 
p r o f i l e  of the  p i t s ,  and t o  examine whether damage had been done t o  t h e  
g r a i n s  immediately beneath the su r face  of the materials. F igures  6 
through 11 show t y p i c a l  c ros s  s e c t i o n s  f o r  the  copper-zinc a l l o y ,  Figures 
1 2  through 1 7  f o r  t he  copper ,  F igures  18 through 23 f o r  t he  copper- 
n i c k e l ,  and Figures  24 through 29 f o r  the  n i c k e l .  I n  each case  the  top 
photomicrograph i s  of an unetched specimen, while  t he  lower photomicro- 
graph i s  of an etched specimen t o  show g r a i n  boundaries .  A l l  of  these  
5 
6 
materials had been previous ly  exposed t o  t h e  c a v i t a t i o n  environment i n  
the  water f a c i l i t y  a t  a t h r o a t  v e l o c i t y  of  200 f t . / s e c . ,  a temperature 
of  80"F, and "s tandard cav i t a t ion , ' '  f o r  a d u r a t i o n  of  100 hours.  
A c a v i t a t i o n  t e s t  specimen represent ing  each of t he  t h r e e  hea t -  
t r ea t  s ta tes  of t hese  a l l o y s  was sec t ioned .  Photomicrographs were then  
made of  a reg ion  inc luding  t h e  su r face  from the  c e n t e r  p o r t i o n  of t h e  
specimen and one showing the  corner .  
crograph were taken of  each a rea ,  although t h e  same exac t  l o c a t i o n  w a s  
no t  covered i n  each i n s t a n c e .  Figure 6 shows a typical b lunt ing  of t he  
edge of a specimen, which i s  thought t o  be due t o  handl ing and does no t  
r ep resen t  any weight l o s s .  I n  t h e  fol lowing photomicrographs, on ly  
s l i g h t  damage can be seen although t h e  magni f ica t ion  i s  about 250X. 
This  i s  due t o  t h e  f a c t  t h a t  the p i t s  are t y p i c a l l y  on the  order  of 0.05 
4 
m i l s  i n  diameter ,  w i th  a depth t o  diameter r a t i o  of approximately 0.03. 
Therefore ,  a t  t h i s  magnif icat ion,  a t y p i c a l  p i t  would be only  about 0.4 
m i l s  deep a t  the  scale of  t he  photograph and about 0.0125 inches ac ross ,  
so t h a t  it would be d i f f i c u l t  t o  s ee .  However, a c l o s e  examination of 
most of these  c ros s - sec t ion  photomicrographs does show such p i t t i n g  
(Figures  6 ,  7 , 9 ,  e t c  .) , and previously repor ted  photomicrographs of 
t h e  su r face  i t s e l f  show s u b s t a n t i a l  p i t t i n g  on s i m i l a r  specimens. 
u r e  30 i s  t y p i c a l ,  a l s o  showing p ro f i co rde r  t r a c e s  of t he  su r face .  
u r e  9 ,  f o r  example, a l s o  shows cons iderable  d i s t o r t i o n  of  t h e  su r face  
l a y e r  which has  been somewhat cold-worked by t h e  c a v i t a t i o n  a t t a c k .  
Th i s  o f t e n  r e s u l t s  i n  a measurable inc rease  i n  su r face  hardness as veri-  
f i e d  i n  an e a r l i e r  r e p o r t .  
An unetched and an etched photomi- 
4 
Fig-  
Fig-  
4 
No p r e f e r e n t i a l  a t t a c k  along t h e  g r a i n  
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boundaries has been noted,  a s  seen most c l e a r l y  i n  Figure 1 7 ,  f o r  t he  
high h e a t - t r e a t  pure copper .  The bump appearing on t h e  su r face  i n  Fig-  
u r e  19 i s  be l ieved  due t o  improper handling of t h e  specimen. There i s  
l i t t l e  e lse  t o  be concluded from t h e  rest  of t hese  photomicrographs 
except  v e r i f i c a t i o n  of the  po in t s  a l r eady  made. However, they  do record 
the  g r a i n  s t r u c t u r e  of t he  c a v i t a t e d  specimens, t h e  weight loss of which 
has  been repor ted  elsewhere,  3Y4 and thus  have been included he re .  
A p e c u l i a r  form of damage w a s  noted on t h e  n i c k e l  samples t e s t e d  
3 
i n  mercury. Since it w a s  thought t h a t  t h i s  w a s  due t o  some form of 
co r ros ion  of the  su r face  by t h e  mercury, one of  t h e s e  samples was sec- 
t i o n e d .  F igures  31 and 32 are s e c t i o n s  a t  lOOOX of n i c k e l  specimens 
t e s t e d  i n  mercury. It i s  noted t h a t  t h e r e  i s  indeed much su r face  a t t a c k  
t o  a depth of about 0.1 m i l s ,  al though it i s  not obviously due p r imar i ly  
t o  co r ros ion .  The damage could have i n i t i a l l y  s t a r t e d  by mechanical p i t -  
t i n g ,  des t roying  any p r o t e c t i v e  f i l m  t h a t  might have formed, t hus  expos- 
i n g  f r e s h  metal t o  t h e  mercury. Then, succeeding exposure t o  t h e  m e r -  
cu ry  might have r e s u l t e d  i n  s o l u t i o n  of n i c k e l  from the  slirfacs or o t h e r  
chemical  a t t a c k  i n  t h e s e  l o c a l  a r e a s  of previous mechanical damage. 
Thus, as i s  o f t e n  t h e  case ,  the combined a c t i o n  of co r ros ion  and c a v i t a -  
t i o n  may be much more severe than e i t h e r  taken s i n g l y .  There i s  no ev i -  
dence i n  the  etched photos of a co r ros ion  l aye r  on the  s u r f a c e ,  even i n  
the  obviously damaged areas. However, as poin ted  ou t  above, t he  su r face  
could have been cleaned of these  cor ros ion  products  as f a s t  as they  were 
generated by the  i n t e n s e  ac t ion  of t he  c a v i t a t i o n  regime. There i s  a l s o  
no evidence of i n t e r g r a n u l a r  co r ros ion .  I n  some a reas  i t  does appear 
8 
t h a t  some g r a i n s  have undergone more damage than o t h e r s .  F igures  33 and 
34 a r e  similar photomicrographs of t he  su r face  of s t a i n l e s s  s t e e l  t e s t e d  
i n  mercury. 
n i c k e l ,  and t h e  damage appears to  be less seve re .  Again, t h e r e  i s  no 
i n d i c a t i o n  of i n t e r g r a n u l a r  co r ros ion .  
Here i t  i s  noted t h a t  t h e r e  are no t  as deep p i t s  a s  i n  the  
B .  P i t t i n g  i n  P l e x i g l a s  
I n  p a s t  r e p o r t s  i t  has  been noted t h a t  P l e x i g l a s  behaves q u i t e  
d i f f e r e n t l y  from most materials i n  t h e  water f a c i l i t y .  While i n  the  
mercury system t h e  P l e x i g l a s  t e s t  specimens and v e n t u r i  are seve re ly  
damaged, t h e r e  w a s  almost a complete l ack  of damage t o  both i n  t h e  water 
system, even a f t e r  ve ry  long exposures.  I n  f a c t ,  t h e  same v e n t u r i s  were 
used f o r  almost t he  e n t i r e  water t e s t  ser ies ,  and thus  were submitted t o  
l i t e r a l l y  thousands of hours of c a v i t a t i o n  without  i ncu r r ing  v i s i b l e  
damage. 
S t a t e  Un ive r s i ty .  However, a high-magnif icat ion examination of  one of 
t h e  P l e x i g l a s  t e s t  speclmeila f rom t h e  water  l n n p  i n d i c a t e s  t he  p e c u l i a r  
p i t t i n g  p a t t e r n  shown i n  Figures 35, 36,  and 3 7 .  These p i t s  are ve ry  
s imi la r  i n  appearance t o  p i t s  produced by Bowden and Brunton i n  p l e x i -  
g l a s  by h igh  v e l o c i t y  l i q u i d  drop impact. Thus, t he  hypothesis  i s  sup- 
po r t ed  t h a t  t h e  damage from the ind iv idua l  imploding c a v i t a t i o n  bubbles 
i s  caused by a ve ry  high-speed micro je t  of l i q u i d .  Comparing the  diam- 
e t e r  of t h e  Bowden and Brunton craters wi th  those  p r e s e n t l y  obta ined  and 
assuming as a rough es t imate  t h a t  t h e  r a t i o  of j e t  t o  p i t  diameter i s  
r e l a t i v e l y  cons t an t ,  t h e  diameter of t he  micro je t  i n  t h e  present  
Somewhat s imilar  r e s u l t s  are a l s o  r epor t ed  from Pennsylvania 
7 
8 
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c a v i t a t i o n  case  would be about 0.25 m i l s .  F igures  35, 36, and 37 show 
t h e  same p i t s  photographed a t  the i n c r e a s i n g l y  l a r g e r  magni f ica t ions  of 
500X, lOOOX, and 2000X, r e spec t ive ly ,  so t h a t  more d e t a i l  o f  the  i n d i -  
v i d u a l  p i t s  can be ob ta ined .  
craters  w i t h  r a i s e d  approximately symmetrical r i m s ,  and a somewhat o f f -  
c e n t e r  deeper c e n t r a l  p i t .  
The area immediately surrounding t h e  c e n t r a l  p i t ,  presumably c rea t ed  by 
t h e  impingement of  t h e  mic ro je t ,  appears undamaged out  t o  t h e  r i m ,  which 
i s  apparent ly  d iv ided  i n t o  many small segments. 
mechanism t o  exp la in  t h e  d e t a i l e d  p i t  shape i s  a v a i l a b l e .  
does seem more c o n s i s t e n t  w i th  the  micro je t  hypothesis  than  wi th  t h e  
impingement of shock waves from a c o l l a p s e  p o i n t  o f f  the  su r face  as 
r equ i r ed  by the  c lass ical  Rayleigh c o l l a p s e  hypothes is .  
The photomicrographs appear t o  show 
The a c t u a l  r i m  diameter i s  about 0 .5  m i l s .  
No precise d e t a i l e d  
However, it 
It would be d e s i r a b l e  t o  o b t a i n  s e c t i o n s  through these  p i t s  t o  
determine t h e  a c t u a l  su r f ace  displacement and p o s s i b l e  subsurface f a i l -  
u r e s ,  a s  observed by Bowden and Brunton. 
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C .  Zero Cav i t a t ion  and Continuous 100 Hour Runs 
Severa l  materials have been run  i n  both t h e  water and t h e  m e r -  
cu ry  f a c i l i t i e s  under t h e  same v e l o c i t y  and temperature condi t ions  as 
t h e  normal c a v i t a t i o n  damage specimens; however, under a zero c a v i t a t i o n  
cond i t ion ,  i . e . ,  t he  loop pressure  w a s  r a i s e d  s u f f i c i e n t l y  t o  suppress  
c a v i t a t i o n ,  bu t  t he  usua l  v e l o c i t y  and temperature condi t ions  were main- 
t a i n e d .  I n  both f a c i l i t i e s  t he re  has been no measurable weight l o s s  f o r  
these  "zero c a v i t a t i o n "  specimens. 
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Three specimens each of P l e x i g l a s ,  s t a i n l e s s  s t ee l ,  and carbon 
s t e e l  were c a v i t a t e d  i n  the  water  f a c i l i t y  f o r  continuous du ra t ions  of  
100 hours t o  determine whether the  usua l  handl ing procedures themselves,  
involv ing  t h e  removal of the  specimens a t  f requent  i n t e r v a l s  f o r  inspec-  
t i o n s ,  weighings,  p i t  count ings,  e t c . ,  con t r ibu ted  s i g n i f i c a n t l y  t o  t h e  
measured weight loss.  For  t h e  P l e x i g l a s  specimens t h e r e  was no no t i ce -  
a b l e  o r  d e t e c t a b l e  damage a s  was t h e  case f o r  t h e  normal specimens of 
P l e x i g l a s  t e s t e d .  For t h e  s t a i n l e s s  s t ee l  specimens t h e  damage f o r  t he  
cont inuous run w a s  t h e  same as t h a t  f o r  t h e  normal runs w i t h i n  t h e  usua l  
experimental  s c a t t e r  between specimens, i n d i c a t i n g  t h a t  t h e  handl ing 
procedures  d id  not  s i g n i f i c a n t l y  a f f e c t  t h e  damage. The carbon s teel  
specimens showed ve ry  la rge  weight l o s s e s  and v i s i b l e  evidence of  cor ro-  
s i o n  a f t e r  t h e  continuous run ,  as they  had f o r  t h e  normal runs ,  i n d i c a t -  
i n g  t h a t  t hey  should not  be included i n  t h e  mechanical p r o p e r t i e s  c o r r e -  
l a t i o n s ,  due t o  t h e  l a rge  e f f e c t  of co r ros ion .  They had, i n  f a c t ,  been 
The carbon s t e e l  specimens t e s t e d  i n  the  usua l  f a sh ion  so excluded.  
l o s t  evep. more weight than those run cont inuous ly .  Tnls m y  be a t t r i -  
bu tab le  t o  t h e  c leaning  of the  specimens f o r  weighing and p i t  count ing 
i n  t h e  o rd ina ry  runs which obviously removes some co r ros ion  products ,  
and exposes f r e s h  su r face  t o  a d d i t i o n a l  co r ros ion .  
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D .  Handling and S to r ing  Procedure Checkout 
I n  many cases, the  weight loss incur red  by t e s t  specimens i n  t h e  
v e n t u r i  f a c i l i t y  w a s  q u i t e  small. A l s o ,  t he  su r faces  of some of t h e  
copper-zinc-nickel  a l loys  became somewhat d i sco lored  a f t e r  ex tens ive  
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t e s t i n g ,  perhaps i n d i c a t i n g  s u b s t a n t i a l  chemical a t t a c k  which might o r  
might not be r e l a t e d  t o  t h e  c a v i t a t i o n .  Thus, i t  was d e s i r a b l e  t o  
determine how much of t h e  measured weight l o s s  and observed p i t t i n g  
might be due t o  condi t ions  i n  the t e s t  procedure (handl ing,  s t a t i c  cor -  
ro s ion ,  e t c  .) o t h e r  than c a v i t a t i o n  and h igh  v e l o c i t y  e ros ion ,  cor ro-  
s i o n ,  e t c .  Thus, a set  of specimens of v a r i o u s  materials w a s  p u t  
through t h e  same phys ica l  s t e p s  a s  a normal set of specimens fol lowing 
the  s tandard  procedures .  The only d i f f e r e n c e  w a s  t h a t  t hese  specimens 
were not  exposed t o  a flowing and/or c a v i t a t i n g  l i q u i d .  
weighed, p i t  counted,  i n s e r t e d  and removed from t h e  loop, and l e f t  i n  
s t a t i c  water i n  the  loop, a l l  f o r  t he  same number of t i m e s  and du ra t ions  
used f o r  a s tandard  damage s e t .  For a 100 hour t e s t ,  t he  in spec t ion  
procedure i s  normally performed a t  1, 4 ,  10, 20, 30, 40 ,  50, 75,  and 100 
hour t o t a l  exposure t i m e s  i n  the t e s t .  Table 1 l i s t s  t h e  r e s u l t s  i n  
terms of weight l o s s  and p i t  counts t h a t  occurred on these  samples as 
w e l l  a s  t y p i c a l  c a v i t a t e d  samples. It w i l l  be seen  t h a t  t he  handl ing 
procedures do not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  the weight loss .  However, 
t h e  number of  very  l a rge  p i t s  ( W L  and VL c a t e g o r i e s  a s  def ined i n  
Table 1) a r e  of t h e  s a m e  order  of magnitude f o r  c a v i t a t e d  and noncavi- 
t a t e d  samples.  Hence, apparent ly  many o f  t hese  p i t s  do r e s u l t  from 
handl ing ,  and not  from the c a v i t a t i o n  bubbles .  
They were 
E .  E lec t ron  Microscope Photomicrographs 
An i n i t i a l  at tempt was made t o  photograph c a v i t a t i o n  damage on 
type 304 s t a i n l e s s  s t e e l  wi th  an e l e c t r o n  microscope. The specimen used 
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TABLE 1 
SUMMATION OF DATA ON HANDLING PROCEDURE SPECIMEN SET 
Specimen Weight P i t  Count I n c r e a s e  
Number Loss(gm) W L  VL L S Material 
Handling S e t  (100 hour procedure) 
147 -cn 
148-cn 
219-cu 
220-cu 
190-3 
191-3 
4-4 
5-4 
25-F 
-to . 0000 1 
-0.00004 
-0.00007 
+O .00008 
-0.00017 
-0.00002 
-0.00015 
-0.00016 
-0.00010 
7 7 
4 6 
1 0 
0 0 
3 5 
1 0 
2 0 
6 5 
3 4 
Normal S e t  (100 hour procedure) 
2 
0 
-1 
6 
10 
0 
3 
5 
5 
220-cn 
221-cn 
168-cu 
169-cu 
143-3 
149-3 
76-2 
77-2 
l-F 
-0.0007 3 
-0.00065 
-0.00283 
-0.00375 
-I!.OOO29 
-0.00028 
-0.05149 
-0.05332 
-0.00015 
4 8 2 1  350 
5 7 17 179 
uncount ab l e  
uncount ab l e  
2 8 36 8 7 1  
4 9 2 5  i o23  
uncountable 
uncountable 
0 3 20 294 
2 copper -n icke l  HHT 
5 copper-n icke l  HHT 
- 2  OFHC copper HHT 
0 OFHC copper HHT 
3 304 S t a i n l e s s  S t e e l  
1 304 S t a i n l e s s  S t e e l  
4 2024 Aluminum 
1 2024 Aluminum 
-2 Tene lon  
copper -n icke l  HHT 
copper -n icke l  HHT 
OFHC copper HHT 
OFHC copper HHT 
304 S t a i n l e s s  S t e e l  
304 S t a i n l e s s  S t e e l  
2024 Aluminum 
2024 Aluminum 
Tene lon  
P i t  S i z e  Code 
S :  0 .4  m i l s  < p i t  diameter < 1.0  m i l s  
L: 1 .0  m i l s  < p i t  diameter < 2.4 m i l s  
VL: 2.4  m i l s  < p i t  diameter < 4 . 8  m i l s  
WL: 4 . 8  m i l s  < p i t  diameter < 9.6  m i l s  
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had been subjec ted  t o  a c a v i t a t i o n  f i e l d  i n  mercury f o r  one hour wi th  an 
u l t r a s o n i c  v i b r a t o r y  horn device,  which has  been used e x t e n s i v e l y  i n  
5 , e t c .  
t h i s  l abo ra to ry  f o r  c a v i t a t i o n  damage s t u d i e s .  I n i t i a l l y  t h e  
specimen su r face  w a s  of "as machined'' t e x t u r e  (not ground o r  lapped) .  
While t h e  d e t a i l  obtained (Figures  38, 39, 40, and 41) i s  v e r y  good, i t  
i s  d i f f i c u l t  t o  i n t e r p r e t .  This  d i f f i c u l t y  arises because of t he  v e r y  
h igh  magni f ica t ion  of 60,OOOX, and due t o  t h e  p re sen t  l a c k  of any r e f e r -  
ence  photographs of similar undamaged su r faces .  
Now t h a t  i t  has been demonstrated by t h i s  i n i t i a l  " f e a s i b i l i t y  
test" t h a t  good d e t a i l  can be obtained wi th  such a l a rge  magni f ica t ion ,  
a succeeding i n v e s t i g a t i o n  would be d e s i r a b l e ,  where t h e  su r face  would 
be c a r e f u l l y  pol i shed  before  t h e  t e s t ,  s tandard  photomicrographs taken 
before  exposure a t  several magni f ica t ions ,  and a l s o  a f t e r  exposure of  
t h e  same reg ion  and a t  t he  same magni f ica t ions .  The success ion  of 
photomicrographs a t  d i f f e r e n t  magnif icat ions should inc lude  e x a c t l y  the  
s a m e  a r e a ,  and t h e  l a r g e r  magni f ica t ion  photos should cover an area 
which would be a p o r t i o n  of t h a t  covered by the ar i ia lkr  m g n i f i c a t i n n  
photos .  Thus, a p r e c i s e  a rea  can be followed through t h e  d i f f e r e n t  mag- 
n i f i c a t i o n s ,  and a determinat ion of exac t ly  what p o r t i o n  of t he  su r face  
i s  shown by t h e  h igh  magni f ica t ion  photomicrograph would be p o s s i b l e .  
A t  t h e  l a r g e s t  magni f ica t ion  used (60,00OX), a t y p i c a l  c a v i t a t i o n  p i t ,  
having a diameter of 0.05 mils  i n  the  v e n t u r i  t e s t s ,  
t o  a photographic s i z e  of 3 inches.  
of t h e  su r face  d i s t o r t i o n  due t o  the  p i t t i n g ,  and should shed more l i g h t  
on t h e  probable bubble co l lapse  and corresponding damage mechanisms. 
3 
would be magnified 
This  should g ive  very  good d e t a i l  
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F.  U l t i m a t e  Res i l ience  Cor re l a t ions  
Many c o r r e l a t i o n s  have been attempted i n  t h i s  labora tory ,  us ing  
a least  mean square f i t  regress ion  a n a l y s i s ,  between material mechanical 
p r o p e r t i e s ,  f l u i d  p r o p e r t i e s ,  and c a v i t a t i o n  damage i n  t e r m s  of rate of 
volume loss p e r  u n i t  exposed area ,  i . e . ,  mean depth of pene t r a t ion  rate 
o r  MDPR, us ing  both t h e  v e n t u r i  f a c i l i t i e s  3Y4 and an u l t r a s o n i c  v i b r a t -  
5,etc.  ing  horn.  I n  t h e  case  of t he  v i b r a t i n g  horn i t  was found t h a t  t h e  
b e s t  r e l a t i v e l y  simple o v e r a l l  c o r r e l a t i o n  f o r  MDPR, f o r  f i xed  f l u i d  and 
tes t  parameters, w a s  ob ta ined  i n  terms of t h e  u l t ima te  r e s i l i e n c e ,  9 
def ined  as fol lows:  
(TBS) 
E 
UR = 1 / 2  
where : 
TBS = t r u e  breaking stress 
E = e la s t i c  modulus 
Under these  cond i t ions  it w a s  found t h a t  MDPR w a s  i n v e r s e l y  p ropor t iona l  
t o  the  square roo t  o f  u l t ima te  r e s i l i e n c e .  These t e s t s  included da ta  
ga thered  i n  water ,  mercury, and t h e  molten meta ls :  
and l i t h i u m ,  
lead-bismuth a l l o y  
An optimum c o r r e l a t i o n  has ,  t h e r e f o r e ,  been obtained us ing  t h e  
least  mean square f i t  regress ion  a n a l y s i s  p rev ious ly  discussed3 f o r  both 
t h e  mercury and water v e n t u r i  d a t a  considered s e p a r a t e l y  i n  terms of t he  
square roo t  of u l t ima te  r e s i l i e n c e .  Table 2 shows t h a t  t h i s  p rope r ty  
a lone  c o r r e l a t e s  t h e  mercury da ta  very  w e l l ,  i n  f a c t  b e t t e r  than  any 
s i n g l e  p rope r ty  c o r r e l a t i o n  previous ly  obta ined  f o r  t h i s  da t a  and 
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including most of t he  s tandard mechanical p r o p e r t i e s .  The c o r r e l a t i o n  
wi th  the  f i v e  b e s t  of t hese  o ther  p r o p e r t i e s  i s  shown i n  descending 
order  based on c o e f f i c i e n t  of determinat ion i n  Table 2 .  However, u l t i -  
mate r e s i l i e n c e  does not  show a s i g n i f i c a n t  c o r r e l a t i o n  wi th  t h e  water  
d a t a  (Table 2 ) .  
It i s  encouraging t o  note t h a t  t he  c o r r e l a t i o n  i s  success fu l  f o r  
t he  mercury da ta  which i s  bel ieved t o  be considerably more accura te  than 
the  water  d a t a ,  s ince  the weight l o s ses  were l a rge ,  so t h a t  t h e r e  was 
l i t t l e  e r r o r  due t o  weighing accuracy. The l ack  of c o r r e l a t i o n  f o r  t he  
water  da ta  i s  bel ieved p a r t l y  due t o  weighing e r r o r s ,  s ince  the  weight 
l o s ses  a r e  small. A l s o ,  i t  i s  bel ieved t h a t  cor ros ive  inf luences  a r e  
much more important i n  the  water d a t a .  
It w a s  not poss ib l e  t o  include the  f l u i d  dens i ty  along wi th  the  
u l t ima te  r e s i l i e n c e  i n  t h e  c o r r e l a t i o n ,  a s  was done f o r  t he  v i b r a t i n g  
horn d a t a ,  s i n c e  the  f l u i d  v e l o c i t y  cannot be made i d e n t i c a l  f o r  t he  t w o  
f l u i d s  due t o  loop l i m i t a t i o n s .  
CHAPTER I V  
RESULTS AND CONCLUSIONS 
The major conclusions from t h e  miscel laneous i n v e s t i g a t i o n s  
fo l low.  
a> There i s  no v i s i b l e  cor ros ion  on t h e  su r faces  of any of t he  t e s t  
specimens t h a t  have been sec t ioned  from the  water  system tes ts .  
There was, however, cor ros ion  on the  carbon s t e e l  specimens 
(which were not  sec t ioned) .  Also,  no co r ros ion  w a s  ev ident  f o r  
t he  specimens from the  mercury tes ts .  These conclusions are 
s t rengthened by the  "zero c a v i t a t i o n "  t es t s  where it w a s  found 
t h a t  on ly  r e l a t i v e l y  neg l ig ib l e  damage occurred.  
The iiaual pits observed on P l e x i g l a s  specimens from t h e  water 
system tes ts  support  the l i q u i d  j e t  damage hypothesis  as opposed 
t o  t h e  shock wave hypothes is .  
An i n v e s t i g a t i o n  of handling and s t o r i n g  procedures ind ica t ed  
t h a t  n e g l i g i b l e  weight loss was so incu r red .  It appeared, how- 
e v e r ,  t h a t  t h e  major i ty  of the  ve ry  l a rge  p i t s  t h a t  have been 
observed on the  t e s t  specimen su r faces  are caused by t h e  handl- 
ing  procedure.  
An e l e c t r o n  microscope w a s  used t o  o b t a i n  p i c t u r e s  of e x c e l l e n t  
c l a r i t y  of a damaged su r face  a t  60,OOOX. It i s  be l ieved  t h e  
b j  
c )  
d) 
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procedure could be developed t o  the  ex ten t  t h a t  it would be 
extremely use fu l  f o r  ob ta in ing  more d e t a i l e d  information about 
i nd iv idua l  c a v i t a t i o n  c r a t e r s .  
The bes t  s ing le-proper ty  c o r r e l a t i o n  between the  m a t e r i a l  prop- 
e r t i e s  and c a v i t a t i o n  volume loss f o r  t h e  mercury tests was 
obtained wi th  the  u l t imate  r e s i l i e n c e ,  which appeared t o  the  1 / 2  
power, j u s t  a s  was t h e  case f o r  a l l  t he  v i b r a t o r y  c a v i t a t i o n  
damage da ta  obtained by t h i s  labora tory ,  using water ,  mercury, 
lead-bismuth a l l o y ,  and l i th ium.  
l a t i o n  was obtained between the  water v e n t u r i  damage da ta  and 
u l t ima te  r e s i l i e n c e ,  perhaps because of t he  important and 
unknown r o l e  of corrosion i n  these  tes ts .  
e) 
However, no s i g n i f i c a n t  cor re-  
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(a) Eolished Surface ( b )  
I 
Fig. 4.--Schematic drawing of the damage test venturis showing 
nominal flow passage, axial specimen location, cavitation termination 
points, and (a) test specimen dimensions, (b) two specimen symmetrical 
arrangement for mercury, (c) three sFecimen symmetrical arrangement for 
water, (d) two specimen unsymmetrical arrangement f o r  earlier mercury 
tests. 
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Fig. 5.--Drawing and photograph of damage specimen. 
24 
Fig. 6.--Photomicrographs of corner of specimen fKZ-7 (copper- 
zinc alloy, 60% cold-worked) after 100 hours exposure t o  "standard cavi- 
t a t i o n "  in water (80°F) at a throat velocity of 200 feet per second. 
Magnification 25OX. (a) Unetched, (b) Etched. 
1 
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Fig. 7.--Photomicrographs of surface of specimen jEZ-7 (copper- 
zaic alloy, 60% cold-worked) after 100 hours exposure to "standard cavi- 
t i t i o ~ l ' '  in water (80°F) at a throat velocity of 200 feet per second. 
Magnification 250X. (a) Unetched, (b) Etched. 
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Fig. 8.--Photomicrographs of corner of specimen #C2-79 (copper- 
zinc alloy, 850°F anneal, 1 hour) after 100 hours exposure to "standard 
cavitation" in water (80'F) at a throat velocity of 200 feet per second. 
Magnification 250X. ( a )  Unetched, ( b )  Etched. 
27 
Fig. 9.--Photomicrographs of surface of specimen #CZ-79 (copper- 
zinc alloy, 850°F anneal, 1 hour) after 100 hours exposure to "standard 
cavitation'' in water (80°F) at a throat velocity of 200 feet per second. 
Magnification 250X. (a) Unetched, (b)  Etched. 
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Fig. 10.--Photomicrographs of corner of specimen #CZ-229 
(copper-zinc alloy, 1400°F anneal, 1 hour) after 100 hours exposure t o  
standard cavitation" in water (80°F) at a t h r o a t  velocity of 200 feet 
per second. Magnification 250X. (a) Unetched, (b) Etched. 
!I 
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Fig .  11.--Photomicrographs of su r face  of specimen #CZ-229 
(copper-zinc a l l o y ,  1400°F anneal,  1 hour) a f t e r  100 hours exposure t o  
"standard c a v i t a t i o n "  i n  water (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  
pe r  second. Magni f ica t ion  25OX. (a )  Unetched, ( b j  Etched. 
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F i g .  12.--Photomicrographs of corner  of specimen iEu-7 (copper,  
60% cold-worked) a f t e r  100 hours exposure t o  "s tandard  ca r~ l t a t inn"  i n  
w a t e r  (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  p e r  second. Magnif icat ion 
250X. (a) Unetched, (b) Etched. 
~ 
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F i g .  13.--Photomicrographs of su r face  of specimen %u-7 (copper, 
Magnif icat ion 
60% cold-worked) a f t e r  100 hours  exposure t o  "standard c a v i t a t i o n "  i n  
w a t e r  (80°F) a t  a t h r o a t  velocity o f  200 f e e t  p e r  second. 
25OX. (a) EnetchEd, (5) Etched. 
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Fig .  14.--Photomicrographs of  corner  of specimen #Cu-83 (copper ,  
900°F anneal ,  1 hour) a f t e r  100 hour s  exposure to  "standard cav i t a t ion"  
i n  water  (80°F) a t  a t h r o a t  ve loc i ty  of 200 f e e t  p e r  second. Magnifica- 
t i o n  25ijX. (a j  Unetcfied, (b j  Eiciieci. 
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** r 
--Photomicrographs of  sur face  of specimen #Cu-83 (copper,  
hour) a f t e r  100 hours exposure t o  "standard cav i t a t ion"  
a t  a t h r o a t  v e l o c i t y  of 200 f e e t  per  second. Magnifica- 
Unetched, ( b )  Etcned. 
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Fig. 16.--Photomicrographs of corner of specimen #Cu-157 
( c e p p e r ,  1500°F a n n e ~ l ~  1 hour)  after 100 hours exposure to "standard 
cavitation" in water (80°F) at a throat velocity of 200 feet per sec- 
ond. Magnification 250X. (a) Unetched, (b) Etched. 
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Fig. 17.--Photomicrographs of surface of specimen #Cu-157 
(copper, 1500°F anneal, 1 hour) after 100 hours exposure to "standard 
cavitation" in water (80°F) at a throat velocity of 200 feet per sec- 
ond. Magnification 250X. (a) Unetched, j b j  Etched. 
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F i g .  18. --Photomicrographs of  corner  of specimen #Cu-Ni-lO 
(copper-nickel a l l o y ,  50% cold-worked) a f t e r  100 hours exposure t o  
"standard c a v i t a t i o n "  i n  water (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  
pe r  second. Magnification 250X. (a)  Unetched, (b) Etched. 
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, 
F i g .  1 9  .--Photonicrographs of sur face  of specimen #Cu-Ni-10 
(copper-nickel  a l l o y ,  60% cold-worked) a f t e r  100 hours exposure t o  
per  second. Magnif icat ion 25OX. ( a )  Unetched, (b) Etched. 
standard c a v i t a t i o n "  i n  w a t e r  (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  11 
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Fig .  20.--Ph 
(b! 
tomicrographs o f  cOrner o f  specimen #Ci -Ni -84 
(copper-nickel  a l l o y ,  1300°F annea l ,  I hour)  a f t e r  100 hours exposure 
t o  "standard c a v i t a t i o n "  i n  water  (5'3'F) a t  a t h r o a t  v e l o c i t y  of 200 
f e e t  p e r  second. Magnification 250X. (a) Unetched, (b) Etched. 
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F i g .  21.--Photomicrographs o f  su r f ace  of specimen #Cu-Ni-84 
(copper-nickel a l l o y ,  1300°F annea l ,  1 hour) a f t e r  100 hours exposure 
t o  "standard c a v i t a t i o n "  i n  water  (80°F) a t  a t h r o a t  v e l o c i t y  of  200 
f e e t  per second. Magnikication 25OX. (a> Unetched, (h)  Etched. 
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F i g .  22.--Photomicrograph o f  corner of specimen VCu-Ni-153 
(copper-nickel a l l o y ,  1800°F anneal,  1 hour) a f t e r  100 hours exposure 
t o  "standard c a v i t a t i o n "  i n  water (80°F) a t  a t h r o a t  v e l o c i t y  of 200 
feet per  second. Magnification 250X.  Unetched specimen. 
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F i g .  23.--Photomicrograph o f  s u r f a c e  of specimen #Cu-Ni-153 
(copper-nickel a l l o y ,  1800°F annea l ,  1 hour) a f t e r  100 hours exposure t o  
s tandard  c a v i t a t i o n "  i n  water (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  
p e r  second. Magnif icat ion 250X. Unetched specimen. 
II 
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Fig. 24.--Photomicrographs of corner of specimen #Ni-11 (nickel, 
75% cold-worked) after 100 hours exposure to "standard cavitation" in 
water (80°F) at a throat velocity of 200 feet per second. Magnification 
250X. (a) Unetched, (b) Etched. 
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Fig. 25.--Photomicrographs of surface of specimen #Ni-11 (nickel, 
75% cold-worked) after 100 hours exposure to "standard cavitation" in 
water (8C)OF) at a throat velocity of 200 f ee t  per second. Magnification 
250X. (a) Unetched, (b) Etched. 
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F i g .  26.  --Photomicrographs o f  corner  o f  specimen V N i - 8 3  ( n i c k e l ,  
1100°F annea l ,  i hour) a f i e r  i30  h x r s  evi)nsnre t o  "standard cav i t a t ion"  
i n  water  (80°F) a t  a t h r o a t  ve loc i ty  of 200 f e e t  per  second. Magnifica- 
t i o n  250X. ( a )  Unetched, (b) Etched. 
~ ~~ ~~ ~ ~~~~~~ ~ ~ ~~~ 
F i g .  27.--Photomicrographs of sur face  of specimen #Ni-83 ( n i c k e l ,  
1100°F anneal ,  1 hour) a f t e r  100 hours exposure t o  "standard c a v i t a t i o n "  
i n  water (80°F) a t  a t h r o a t  v e l o c i t y  of 200 f e e t  per  second. Magnifica- 
t i on  2jOX. (a) 'u'netched, ( 5 )  Etched. 
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Fig. 28.--Photomicrograph of corner of specimen #Ni-168 (nickel, 
1600°F anneal, 1 hour) after 100 hours exposure to "standard cavitation" 
in water (80°F) at a throat velocity of 200 feet per second. Magnifica- 
tion 250X. Unetched specimen. 
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F i g .  29 .--Photomicrograph of su r f ace  of specimen #Ni-168 
( n i c k e l ,  1600"F, 1 hour) a f t e r  100 hours exposure t o  "standard c a v i t a -  
t i on"  i n  water  (80°F) at: a t h r o a t  v e l o c i t y  of 200 f e e t  p e r  second. 
Magnif icat ion 25OX. Unetched specimen. 
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F i g .  31. --Photomicrographs of sur face  of specimen # N i - 1 3  ( n i cke l ,  
7 5 %  cold-worked) a f t e r  exposure t o  c a v i t a t i o n  i n  mercury. Magnif icat ion 
1000X. (a> Unetched, (b) Unetched, (c)  Etched. 
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Fig .  32.--Photomicrographs of sur face  of specimen #Ni-13 (n i cke l ,  
75% cold-worked) a f t e r  exposure t o  c a v i t a t i o n  i n  mercury. Magnif icat ion 
1OOOX. (a) Etched, (b) Etched. 
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Fig .  33.--Photomicrographs o f  sur face  of specimen #SS-23 ( s t a in -  
less s tee l )  a f t e r  exposure t o  c a v i t a t i o n  i n  mercury. Magnif icat ion 
looox. (a) Unetched, (b j  E i c h e d .  
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Fig. 34.--Photomicrographs o f  su r f ace  of specimen iBS-23 ( s t a i n -  
less s t e e i j  a f t e r  exposure i o  c a v i t a t i c ; ~  5:: ~ e r c u r y .  Magnif icat ion 
1OOOX. (a) Unetched, (b) Etched. 
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F i g .  35.--Photomicrograph of su r face  of specimen #P-6 (p l ex i -  
g l a s )  a f t e r  exposure t o  "standard c a v i t a t i o n "  i n  water a t  a t h r o a t  
v e l o c i t y  of 200 f e e t  per  second. Magni f ica t ion  500X. 
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Fig .  36 .--Photomicrograph of sur face  of specimen #P-6 (p l ex i -  
g l a s )  a f t e r  exposure t o  "standard cav i t a t ion"  i n  water  a t  a t h r o a t  
v e l o c i t y  of 200 f e e t  p e r  second. Magnif icat ion 1OOOX.  
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F i g .  38.--Electron photomicrograph of su r face  o f  type 304 s t a i n -  
less s t e e l  specimen subjected t o  c a v i t a t i o n  damage i n  mercury f o r  1 hour 
i n  t h e  u l t r a s o n i c  f a c i l i t y .  Xagni f ica t ion  60,000X. 
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Fig .  39.--Electron photomicrograph of su r face  of type 304 s t a i n -  
less s t e e l  specimen subjec ted  t o  c a v i t a t i o n  damage i n  mercury f o r  1 hour 
i n  the u l t r a s o n i c  faellL.ty. Magnification 60,OOOX. 
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Fig .  40.--Electron photomicrograph of sur face  of  type 304 s t a i n -  
l e s s  s t e e l  specimen subjected t o  c a v i t a t i o n  damage i n  mercury f o r  1 hour 
i n  the  u l t r a s o n i c  f a c i l i t y .  Magnif icat ion 60,OOOX. 
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F i g .  41.--Electron photomicrograph of sur face  of type 304 s t a i n -  
l e s s  s t e e l  specimen subjected t o  c a v i t a t i o n  damage i n  mercury f o r  1 hour 
i n  the  u l t r a s o n i c  f a c i l i t y .  Magnif icat ion 60,OOOX. 
APPENDIX 
DEFINITIONS OF CAVITATION CONDITIONS 
The degree of c a v i t a t i o n  as def ined  i n  t h e  o v e r a l l  damage inves-  
t i g a t i o n s  i n  t h i s  l abora to ry  and i n  t h i s  p a r t i c u l a r  i n v e s t i g a t i o n  d i f f e r  
between mercury and water. 
specimens are used, c a v i t a t i o n  i n i t i a t e s  a t  t h e  t h r o a t  o u t l e t  f o r  a l l  
v e l o c i t i e s  used thus  f a r ,  and the  degree of c a v i t a t i o n  app l i ed  t o  t h e  
mercury t e s t s  desc r ibes  the  ex ten t  of t h e  c a v i t a t i o n  cloud s t a r t i n g  a t  
t h e  t h r o a t  o u t l e t  and extending downstream t o  the  p o i n t  i nd ica t ed ,  i . e . ,  
11 c a v i t a t i o n  t o  nose" i s  se l f -explana tory .  
water, where t h r e e  specimens a re  used, thus  p re sen t ing  more blockage t o  
t h e  v e n t u r i ,  t h e  c a v i t a t i o n  cloud i n i t i a t e s  on t h e  nose of t h e  specimens 
and extends downstream t o  some po in t  a r b i t r a r i l y  l abe led  by t h e  degree 
o f  c a v i t a t i o n  terminology. The f i r s t  v i s i b l e  man i fe s t a t ion  of c a v i t a -  
t i o n  occurs  on the  nose of the t e s t  specimen, and thus  the  term " v i s i b l e  
i n i t i a t i o n "  w a s  app l i ed  i n  t h i s  case. 
f u l l y  developed c a v i t a t i o n  followed t h e  o ld  progress ion ,  r ega rd le s s  of 
t h e  te rmina t ion  po in t  on t h e  specimen. 
t i o n s  of t h e  degrees  of c a v i t a t i o n  as used i n  t h i s  i n v e s t i g a t i o n :  
I n  t h e  mercury v e n t u r i ,  where only  two 
However, i n  t h e  case of 
Then, succeeding degrees  of more 
The fol lowing are t h e  d e f i n i -  
V i s i b l e  I n i t i a t i o n  - continuous r i n g  of c a v i t a t i o n  a t  t h e  t h r o a t  
out l e t  , about 1/8" long. 
C a v i t a t i o n  t o  Nose - c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  te rmina t ion  a t  t he  nose of t he  specimen. 
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Standard Cav i t a t ion  - c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  terminat ion a t  the  middle of t he  
specimen. 
Cav i t a t ion  t o  Back - c a v i t a t i o n  cloud extends from t h r o a t  o u t l e t  
t o  terminat ion a t  t he  r e a r  of t he  specimen. 
Water 
V i s ib l e  I n i t i a t i o n  - c a v i t a t i o n  cloud extends from nose of spec i -  
men t o  a po in t  downstream on specimen about 
1/8" long.  
Cav i t a t ion  t o  Nose - c a v i t a t i o n  cloud extends from nose of speci- 
men t o  te rmina t ion  a t  the  middle of t he  
specimen. 
Standard Cav i t a t ion  - c a v i t a t i o n  cloud extends from nose of spec i -  
men t o  te rmina t ion  a t  t he  r e a r  of the  
specimen. 
From t h e  pressure  p r o f i l e  d a t a  i n  re ference  3 ,  t he  correspond- 
ence between water  and mercury from a s tandpoin t  of degree of c a v i t a t i o n  
i s  a s  fol lows:  
Mercury Condit ion 
( 2  spec.)  
C a v i t a t i o n  t o  Nose 
Standard Cav i t a t ion  
Cav i t a t ion  t o  Back 
corresponds t o  Water Condi t ion 
( 3  spec.)  
-- Vis ib l e  I n i t i a t i o n  
- -  Cavi t a t ion  t o  Nose 
-- Standard Cav i t a t ion  
This  would r e s u l t  i n  the pressure  g rad ien t s  on t h e  su r faces  and 
the  te rmina t ion  po in t s  on the  su r faces  being approximately the  same f o r  
corresponding cond i t ions  from water  t o  mercury. 
, 
J 
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